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Abstract 
A combined cycle composed of an air based open Brayton cycle (BC) and an organic trans-critical cycle (OTC) is 
presented for power recovery from flue gas of initial temperature around 600ºC. BC is employed as the top cycle 
to span the temperature gap between the heat source and the OTC bottom cycle, and offers a desirable temperature 
matching between the heat source’s heat rejection process and the heat addition process of the cycle. Air is selected 
as working fluid for BC owing to its outstanding thermal stability. Parametric optimization on the combined cycle 
is carried out to maximize the net power output of the system at a given mass flow rate of the flue gas. The results 
show that the choice of OTC working fluid and pressure ratio value of the BC dominate the system performances, 
while the values of other parameters like the initial temperature of air in BC expansion process, the initial pressure 
and temperature of the organic fluid in OTC expansion process, and the condensing temperature of OTC also 
affect the system performances. Benzene, toluene, heptanes, acetone and R113 are screened as candidates for OTC 
working fluid, and maximum net power output of 175.87kJ/(kg-flue gas) is achieved with benzene. 
© 2015 The Authors. Published by Elsevier Ltd.  
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1. Introduction 
Huge amounts of waste heat are generated in industrial production. Recovering the waste heat 
reasonably will realize economic and environmental benefits. At present, H2O-RC (Rankine cycle with 
water as working fluid) system is widely used in power recovery from high temperature and large 
capacity waste heat sources, while organic Rankine cycle(ORC) and organic trans-critical cycle 
systems are being developed for low-temperature and small capacity waste heat sources[1-3]. For 
sensible heat sources like flue gas, the matching of the temperature profiles of RC’s heat addition 
process and heat source’s heat rejection process is poor, which leads to a large mean heat transfer 
temperature difference between the cycle and the heat source, and a low heat source utilization[4]. 
Besides, water is a wet fluid, and its large drop of specific enthalpy requires a complex multistage 
expander. The efficiency of expander for medium and small power unit is low. All these factors restrict 
the techno-economics of H2O-RC system. Maximum cycle temperature of ORC or OTC is limited by 
thermostability of organic working fluid [5]. The exergy loss will be very large when organic fluid is 
used for medium-temperature flue gas power recovery. 
In this paper, a novel open air Brayton/organic trans-critical (BC/OTC) combined system based on 
600ºC flue gas is investigated. The maximum net system power output per unit mass flue gas (?̇?௡௘௧) is 
selected as objective function [6,7]. Working fluids for BC/OTC system are screened. Effects of several 
key themodynamic parameters on system performance are examined. 
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Nomenclature 
cp  specific heat , kJ/(kg·k)         ηI  thermal efficiency 
h  specific enthalpy, kJ/kg           
m ̇  mass flow, kg           Subscripts 
P  pressure, MPa           a  air 
Q̇ heat input or rejected, kJ         add   heat addition 
T temperature , ºC           con   condensing 
Ẇ power produced or consumed, kJ       g   flue gas 
              in   inlet 
Greek Symbols            out  outlet 
π pressure ratio           w  cooling water 
τ temperature ratio  
2. System description and modeling 
The BC/OTC system includes an upper open air Brayton cycle and a bottom organic trans-critical 
cycle. The schematic diagram and T-s diagram of combined system are shown in Figure 1. Upper BC 
consists of a high temperature heat exchanger (HTHE), a compressor, an air turbine, bottom OTC 
consists of a refrigerant pump, an expander and a condenser. A low temperature heat exchanger (LTHE) 
is used for heat exchange between BC and OTC. 
The cyclic process of BC is as follows: ambient air compressed by compressor(1-2) flows into 
HTHE to absorb heat (2-3), then the high-temperature high-pressure air flows into air turbine to 
generate work (3-4), low-pressure high-temperature air exiting turbine rejects heat to bottom OTC(4-9), 
air is then discharged into ambient when temperature decreases to T9. 
The cyclic process of OTC is that: the liquid organic refrigerant at the condenser outlet is pumped 
into supercritical pressure (5-6), then flows into LTHE and is heated by air that exits from the air 
turbine (6-7), the high-temperature supercritical vapor flows into expander and its enthalpy is 
converted into work (7-8), finally the low pressure vapor flows into the condenser and is liquefied by 
cooling water (8-5).These two cycles turn into a combined cycle. 
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Figure 1 Schematic and T-s diagram of the combined cycle 
2.1 Brayton cycle 
The following equations are used to perform the thermodynamic analysis. 
HTHE: 
BC heat input: ?̇?୆େ = ?̇?୥𝑐୮.୥൫𝑇୥.୧୬ − 𝑇୥.୭୳୲൯ = ?̇?ୟ𝑐୮.ୟ(𝑇ଷ − 𝑇ଶ)       (1) 
Compressor: 
Compressor power consumption: ?̇?ୡ = ?̇?ୟ(ℎଶ − ℎଵ)         (2) 
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Efficiency of compressor: η௖ = ௛మ౩ି௛భ௛మି௛భ            (3) 
Air turbine: 
Expansion work: ?̇?௧ = ?̇?ୟ(ℎଷ − ℎସ)            (4) 
Efficiency of air turbine: η୲ = ௛యି௛ర౩௛యି௛ర             (5) 
BC power output: ?̇?୆େ = ?̇?୲ − ?̇?ୡ            (6) 
BC thermal efficiency: η = ௐ̇ాిொ̇ాి              (7) 
2.2 Organic trans-critical cycle 
LTHE 
OTC heat input: ?̇?୓୘େ = ?̇?ୟ𝑐୮.ୟ(𝑇ସ − 𝑇ଽ) = ?̇?୰ୣ୤(ℎ଻ − ℎ଺)       (8) 
Condenser: ?̇?େ = ?̇?୰ୣ୤(ℎ଼ − ℎହ) = ?̇?୵𝑐୮.୵(𝑇୵.୭୳୲ − 𝑇୵.୧୬)       (9) 
OTC power output: ?̇?୓୘େ = ?̇?୰ୣ୤[(ℎ଻ − ℎ଼) − (ℎ଺ − ℎହ)]        (10) 
Other components' analyses are similar to that of BC. 
Water pump power consumption:  
?̇?୮.୵ = ?̇?୵(ℎ୵.୭୳୲ − ℎ୵.୧୬) ≈ ?̇?୵(𝑝୭୳୲ − 𝑝୧୬)𝑣          (11) 
System net power output 
?̇?୬ୣ୲ = ?̇?୆େ + ?̇?୓୘େ − ?̇?୮.୵              (12) 
3. Optimization method and assumption 
The influencing factors of combined system include two aspects: one is by OTC working fluids, and 
the other one is by cycle parameters. Isentropic fluids are considered good thermodynamic 
performance, so working fluids considered here are mainly isentropic. Another consideration is the 
high critical temperature of fluids.  
The independent variables of the system contain BC pressure ratio π, air turbine inlet temperature 
T3(temperature ratio τ),OTC heat addition pressure Padd, expander inlet temperature T7, condensing 
temperature Tcond. The system net power output can be expressed as: 
?̇?௡௘௧ = 𝑓(π, 𝑇ଷ, 𝑃ୟୢୢ, 𝑇଻, 𝑇ୡ୭୬ୢ) 
In the optimization, when any four parameters are fixed, the influence of the fifth parameter on 
system thermodynamic performance will be obtained. 
For purpose of simplifying model simulation, the following assumptions are formulated in this 
project: 
1. Each component is considered as a steady-state steady-flow system. 
2. The kinetic and potential energies, friction and pressure losses are neglected. Heat transfer in 
exchangers is supposed to be adiabatic. 
3.Flue gas temperature Tgas.in is 600ºC,the mass is 1kg. To avoid dew point corrosion, the outlet 
temperature is no less than 120ºC. The condensing pressure is no less than 5kPa [8,9]. 
4. Results and discussion 
In the followings we present the influence of independent variables (i.e. π, T3, Padd, T7, Tcond) on 
system thermodynamic performance. The optimal system parameters are obtained for five refrigerants 
(i.e., benzene, toluene, heptane喍acetone, R113). The thermodynamic properties of fluids and system 
performance are evaluated with NIST RFPROP 7.0 [10].The operation conditions of BC/OTC system 
are given in Table 1. Figure 2-4 show system thermodynamic performance at the flue gas temperature 
of 600ºC. 
 
 
 
 Chengyu Li et al. /  Energy Procedia  75 ( 2015 )  1590 – 1595 1593
Table 1 Specifications of BC/OTC system 
Parameter Value 
Flue gas temperature, Tgas.in (ºC) 600 
Cooling water temperature, Tw.in(ºC) 15 
Mass flow of flue gas, ṁg (kg) 1 
Efficiency 
BC 
Compressor, ηcomp 0.85 
Air turbine, ηa.turb 0.85 
OTC 
Refrigerant pump, ηpump 0.75 
Expander, ηexp 0.80 
Pinch temperature, Tpin(ºC) 
Flue gas and BC 20 
BC and OTC 15 
OTC and cooling water 2 
 
Figure 2 illustrates the optimal system net power output of each working fluid under different π. 
After a linear increase when π is less than about 1.9, ?̇?௡௘௧ begins to decrease, but the slop of acetone, 
heptane and R113 is very flat. The maximum ?̇?௡௘௧ appears when π is around 1.9. The reason is that 
the flue gas outlet temperature is about 120ºC when π is 1.9. Although the system thermal efficiency 
continuously increases with π, the system heat addition decreases when π>1.9, resulting in the decrease 
of ?̇?௡௘௧. 
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Figure 2 Effects of π on system net power output at optimal design 
 
Air turbine inlet temperature T3 (temperature ratio τ) is an impact variable of BC thermal efficiency 
and power output. The mean heat addition temperature of BC as well as thermal efficiency increases 
with increase of T3. The thermal efficiency is defined as η = 1 − ொ౥౫౪ொ౟౤ . When Qin keeps constant, Qout 
of BC will decrease with increase of η which will affect OTC power output. Figure 3 illustrates the 
influence of T3 on system performance. Other specifications are texted in the figure. We can see from 
the figure that change tendency of OTC power output with T3 differs from the working fluid. OTC 
power output with benzene as working fluid increases with increase of T3, however power output using 
acetone has an optimum value. The reason is that air turbine outlet temperature increases when T3 
increases, causing a larger temperature difference between air and OTC at high temperature level. As a 
result, the pinch point moves downward till OTC refrigerant pump outlet. Heat input and thermal 
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efficiency both change, resulting in different change of OTC power output. But the main influence 
factor is BC power output which increases with increase of T3, as a result ?̇?௡௘௧  increases 
correspondingly. Therefore the maximum T3 promotes net power output of combined system. 
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  (a) Benzene    (b) Acetone 
Figure 3 Effects of air turbine inlet temperature on system power output 
 
Expander inlet temperature and pressure are main parameters influencing OTC thermal efficiency 
and power output. Effects of Padd and T7 on system net power output are shown in Figure 4 under 
different π, taking benzene for example. As we can see, there is a region presents the maximum net 
power output. In this region, pressure and temperature have lees impact on ?̇?௡௘௧, however, ?̇?௡௘௧ 
changes largely with temperature or pressure out of this region. Table 2 lists the optimal expander inlet 
temperature and pressure for OTC under different π. The increase of π leads to a temperature decrease, 
but a slight mass flow increase of air at turbine outlet. A group of [T7,Padd] which match best with the 
air rejection process leads to the maximum ?̇?௡௘௧. 
 
 
   a π=1.5                    b π=2.0                    c π=2.5 
Figure 4 Effects of OTC expander inlet temperature and pressure on system net power output for benzene 
 
Table 2 OTC optimal Padd and T7 
π Padd 
MPa 
T7 
ºC 
1.5 10.2 380 
2.0 12 380 
2.5 9.8 354 
 
 
Optimal system parameters are listed in Table 3. System with benzene as working fluid presents the 
maximum system net power output, followed by toluene, acetone, heptane and R113. 
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Table 3 Optimal performance of BC/OTC system  
Working 
fluid 
π T3 
ºC 
Padd 
MPa 
T7 
ºC 
Tcond 
ºC 
wnet.opm 
kJ 
η 
% 
Toluene 1.9 580 8.5 376 31 166.66 30.69 
Heptane 2.0 580 6.2 320 21 147.40 27.53 
Acetone 1.9 580 5.0 276 21 164.27 30.26 
R113 2.0 580 4.5 250 22 145.14 27.11 
Benzene 1.9 580 11.8 380 21 175.87 32.39 
5. Conclusion 
This paper presents a parametric optimization study for BC/OTC power system using flue gas as 
heat source. Configuration that presents the maximum system net power output for each working fluids 
are obtained. 
BC/OTC combined system reduces the exergy losses during the heat transfer process in HTHE, and 
reaches a thermal efficiency as much as 32.39%. Performance of system is significantly affected by 
parameters ,i.e., BC pressure ratio, air turbine inlet temperature, OTC expander inlet temperature and 
pressure. The maximum ?̇?௡௘௧  is obtained when π  is near 1.9 and T3=580ºC. Optimal OTC 
parameters are obtained by comprehensively considering the efficiency and heat addition of OTC. 
Working fluids have a great influence on system thermodynamic performance, fluids with high critical 
temperature are preferable because of the possibility to reduce the average temperature differences in 
LTHE. Among fluids selected, benzene has the maximum system net power output of 175.87kJ/kg. 
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